Introduction {#jeb13268-sec-0001}
============

Given the threats that pathogens impose on the health of humans and on food security, the need to predict where pathogens will occur, and how risks of infection evolve are at core of successful disease management efforts. This is challenging given the dynamic process of reciprocal adaptation of pathogens and counter‐adaptation of their hosts. These antagonistic coevolutionary dynamics may lead to pathogen local adaptation, that is higher infectivity of pathogens on their sympatric (local) than on their allopatric (foreign) hosts (Lively & Jokela, [1996](#jeb13268-bib-0040){ref-type="ref"}; Thrall *et al*., [2002](#jeb13268-bib-0057){ref-type="ref"}; Kawecki & Ebert, [2004](#jeb13268-bib-0028){ref-type="ref"}; Laine, [2007](#jeb13268-bib-0034){ref-type="ref"}; Koskella, [2014](#jeb13268-bib-0031){ref-type="ref"}). Indeed, the general assumption is that pathogens with short generation times, high mutation rates and large population sizes evolve faster than their hosts and may overcome host resistance (Hamilton *et al*., [1990](#jeb13268-bib-0019){ref-type="ref"}; Gandon & Michalakis, [2002](#jeb13268-bib-0014){ref-type="ref"}). However, in some studies, no evidence of local adaptation was found (e.g. between hen fleas and great tits, Dufva, [1996](#jeb13268-bib-0010){ref-type="ref"}; trematodes and snails, Morand *et al*., [1996](#jeb13268-bib-0041){ref-type="ref"}; or hemiparasitic plant and plant host, Mutikainen *et al*., [2000](#jeb13268-bib-0044){ref-type="ref"}). In other systems, pathogens were found to be maladapted (e.g. anther‐smut pathogens infecting plants, Kaltz *et al*., [1999](#jeb13268-bib-0027){ref-type="ref"}; protozoan blood parasites infecting lizards Oppliger *et al*., [1999](#jeb13268-bib-0046){ref-type="ref"}; or bacteria infecting plants, Kniskern *et al*., [2011](#jeb13268-bib-0029){ref-type="ref"}). In addition, evidence for variation among pathogen populations in the level of local adaptation to the same host species has been found (e.g. between trematodes and snails, Morand *et al*., [1996](#jeb13268-bib-0041){ref-type="ref"}; protozoan parasite and bumblebee host, Imhoof & Schmid‐Hempel, [1998](#jeb13268-bib-0023){ref-type="ref"}; and holoparasitic plant and plant host, Koskela *et al*., [2000](#jeb13268-bib-0030){ref-type="ref"}). Fungal pathogens infecting plants were locally adapted at very small spatial scales: at the scale of individual plants (Capelle & Neema, [2005](#jeb13268-bib-0006){ref-type="ref"}) and across some metres within populations (Laine, [2006](#jeb13268-bib-0033){ref-type="ref"}).

All species are spatially structured across landscapes at some scale or another. This spatial structure may generate variation in the outcome of coevolutionary selection among populations (Thompson, [1994](#jeb13268-bib-0054){ref-type="ref"}, [1999](#jeb13268-bib-0055){ref-type="ref"}), as the distances separating local populations are expected to have a direct impact on the rates of both host and parasite migration. Migration is assumed to be a key process that introduces new genetic variation into local populations, and hence, as long as rates of migration are low enough to not homogenize local populations, increasing immigration is expected to increase the diversity and evolutionary potential of local populations (Gandon *et al*., [1996](#jeb13268-bib-0015){ref-type="ref"}, [1998](#jeb13268-bib-0016){ref-type="ref"}; Lively, [1999](#jeb13268-bib-0038){ref-type="ref"}; Gandon, [2002](#jeb13268-bib-0013){ref-type="ref"}; Lenormand, [2002](#jeb13268-bib-0037){ref-type="ref"}; Morgan *et al*., [2005](#jeb13268-bib-0042){ref-type="ref"}). Indeed, theory predicts that the relative rates of host and parasite migration may determine which one is ahead in the coevolutionary arms race. Parasite migration between subpopulations might increase parasite local adaptation, whereas higher rates of host migration are expected to give hosts the upper hand (Gandon *et al*., [1996](#jeb13268-bib-0015){ref-type="ref"}; Lively, [1999](#jeb13268-bib-0038){ref-type="ref"}; Gandon, [2002](#jeb13268-bib-0013){ref-type="ref"}; Gandon & Michalakis, [2002](#jeb13268-bib-0014){ref-type="ref"}).

To date, the best empirical evidence on the importance of migration on antagonistic coevolution comes from experimental evolution studies that readily allow manipulation of host and parasite migration rates. In replicate populations of bacterium *Pseudomonas fluorescens* and its parasitic bacteriophage, the parasite was maladapted in the absence of migration while being locally adapted when there was parasite migration (Morgan *et al*., [2005](#jeb13268-bib-0042){ref-type="ref"}). The importance of migration in promoting parasite local adaptation has received additional support from other bacteria--phage metapopulation studies (Morgan *et al*., [2007](#jeb13268-bib-0043){ref-type="ref"}; Vogwill *et al*., [2008](#jeb13268-bib-0061){ref-type="ref"}). However, far less is known about how the evolutionary potential of host and parasite populations varies across landscapes in natural systems where local populations are expected to vary considerably in their immigration rates. A meta‐analysis on parasite local adaptation demonstrated that in reciprocally designed experiments, the relative rates of gene flow in hosts vs. parasites were the strongest predictor of local adaptation at the species level (Hoeksema & Forde, [2008](#jeb13268-bib-0022){ref-type="ref"}). Only those parasite species, which had greater rates of gene flow than their hosts, were found to be locally adapted. This suggests that migration rates can be a key determinant of coevolutionary dynamics also in natural systems. Snapshot data on intraspecies variation in local adaptation from two wild systems support these predictions. In the interaction between ribwort plantain (*Plantago lanceolata*) and powdery mildew (*Podosphaera plantaginis*), well‐connected host populations were more resistant than isolated host populations (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). Similarly, in the alpine catchfly -- anther‐smut (*Viscaria -- Microbotryum*) system, continuous host populations were more resistant than isolated or patchily distributed populations, and pathogens were more infectious in continuous populations (Carlsson‐Granér & Thrall, [2015](#jeb13268-bib-0007){ref-type="ref"}). However, whereas these snapshot studies can reveal spatial patterns in host--parasite interactions, the mode of reciprocal adaptation (e.g. frequency depended selection or arms race dynamics) maintaining these patterns can only be revealed by studying these interactions through time (Gaba & Ebert, [2009](#jeb13268-bib-0012){ref-type="ref"}). Moreover, studies conducted in a single time point do not convey whether this higher resistance reflects the outcome of pathogen‐imposed selection, or whether more neutral processes such as habitat quality or migration in itself in well‐connected parts of the landscape could generate spatially variable resistance levels.

Here, our aim was to determine whether spatial structure could generate variation in host evolutionary potential in a highly fragmented landscape as predicted by both theory and experimental evolution studies. For this purpose, we surveyed patterns of infection in both isolated and well‐connected populations of *P. lanceolata* naturally infected by *P. plantaginis* in the Åland Islands, SW of Finland in years 2011--2014. All host populations chosen for the study were infected in all 4 years. Our hypothesis was that hosts would be locally adapted, meaning that they have higher resistance against their sympatric than allopatric pathogens in well‐connected populations, whereas the pathogen would be locally adapted in the isolated host populations. To test this, we measured host resistance through time (years 2011--2014) against sympatric and allopatric pathogen strains in both isolated and well‐connected host populations in a large inoculation study. We focus here on host connectivity rather than the ratio of host and pathogen migration, as the *Plantago* population network is stable in comparison with the highly dynamic pathogen metapopulation. Hence, we expect host population connectivity to reflect long‐term spatial variation in host evolutionary potential. Contrary to our expectations, we did not find consistently higher resistance against sympatric pathogen strains in the well‐connected populations. Instead, host local adaptation varied considerably among populations and through time. Furthermore, we discovered strong fluctuations in the level of host resistance between years in the well‐connected populations, suggesting possible responses to selection. In contrast, in the isolated host populations, resistance against sympatric pathogens remained nearly unchanged through time. Together, these results suggest that hosts may be better able to respond to pathogen‐imposed selection in the well‐connected than in the isolated populations.

Materials and methods {#jeb13268-sec-0002}
=====================

The pathosystem {#jeb13268-sec-0003}
---------------

*Plantago lanceolata* L. is a perennial monoecious ribwort plantain that reproduces both clonally by producing side rosettes (Sagar & Harper, [1964](#jeb13268-bib-0051){ref-type="ref"}) and sexually by wind pollination. Seeds drop close to the mother plant and usually form a long‐term seed bank (Bos, [1992](#jeb13268-bib-0003){ref-type="ref"}). *Podosphaera plantaginis* (Castagne; U. Braun and S. Takamatsu) is an obligate biotroph, which belongs in the order *Erysiphales* within the Ascomycota. It is a powdery mildew, specialized to infect only *P. lanceolata*, and requires living host tissue throughout its life cycle (Bushnell, [2002](#jeb13268-bib-0005){ref-type="ref"}). Like all powdery mildews, it completes its life cycle as localized lesions on host surface, only the haustorial feeding roots penetrating the leaf tissue to feed on nutrients. Hence, the host is assumed to suffer a loss of nutrients (Jarvis *et al*., [2002](#jeb13268-bib-0024){ref-type="ref"}), and infection may lead to host mortality (Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}). The pathogen survives between epidemic seasons as resting structures (chasmothecia) that are produced by both haploid selfing and outcrossing (Tollenaere & Laine, [2013](#jeb13268-bib-0059){ref-type="ref"}). The interaction between *P. lanceolata* and *P. plantaginis* is strain specific suggesting gene‐for‐gene type of control (Thompson & Burdon, [1992](#jeb13268-bib-0056){ref-type="ref"}; Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}). The putative resistance mechanism has two steps. In the first step, the host may recognize the attacking pathogen and block its growth (Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}). In the second step, if the host has become infected, it may still mitigate pathogen development and reproduction (Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}).

Since the 1990s, approximately 4000 highly fragmented *P. lanceolata* populations have been systemically surveyed in the Åland Islands, southwest of Finland, where the host populations form a network covering an area of approximately 50 × 70 km. In this time, host populations have rarely gone extinct, and the number of populations has remained relatively stable (Ojanen *et al*., [2013](#jeb13268-bib-0045){ref-type="ref"}). The first visible symptoms of *P. plantaginis* infection appear in late June as white‐greyish lesions consisting of mycelium supporting spores (conidia). Six to eight clonally produced generations of spores follow one another in rapid succession, often leading to local epidemic with substantial proportion of the hosts infected by late summer. The resting spores, chasmotechia, appear towards the end of growing season in August--September (Laine & Hanski, [2006](#jeb13268-bib-0035){ref-type="ref"}). The epidemiological dynamics have been followed since year 2001 as each host population is visited in early September and its infection status is checked by visually surveying the host plants. When infection is found, an infected leaf from one to 10 infected plant individuals is collected for subsequent genotyping with sampling effort scaled to local pathogen prevalence (See '*SNP genotyping of pathogen strains*' for details). These survey data have demonstrated that *P. plantaginis* infects annually 2--16% of the 4000 host populations (Laine & Hanski, [2006](#jeb13268-bib-0035){ref-type="ref"}; Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). A large proportion of the pathogen populations go extinct every year during the overwintering stage (20--90%), and therefore, recolonization events play important role in maintaining the disease regionally (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). Previous studies have revealed considerable diversity in resistance against *P. plantaginis* both within and among local host populations (Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}). Spatial structure has a distinct effect on resistance structure and epidemiological dynamics, with well‐connected host populations experiencing less pathogen colonization and higher pathogen extinction rates due to their higher resistance level (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}).

Selection of study populations {#jeb13268-sec-0004}
------------------------------

To study how host population resistance and local adaptation change through time as a function of population connectivity, we selected 10 *P. lanceolata* populations infected by *P. plantaginis* in September 2014 (IDs 271, 294, 309, 321, 490, 609, 1553, 1556, 1676, 1847; Table [S1](#jeb13268-sup-0001){ref-type="supplementary-material"}). Based on the survey data, these populations were determined to be infected through 2011--2014. The source populations were classified as isolated or well‐connected, depending on their geographical location in host network. The connectivity of the population reflects the expected numbers of immigrants arriving in the population in unit time (Hanski, [1999](#jeb13268-bib-0020){ref-type="ref"}). To assess the spatial structure of Åland populations, we calculated host population connectivity (*S* ^*H*^) using an equation that takes into account the area of all host populations surveyed (*A* ~*j*~) and their spatial location compared to other host populations. We assume that the dispersal distance is described by a negative exponential dispersal kernel, meaning that the connectivity of patch *i* is:$$S_{i}^{H} = \sum\limits_{j \neq i}e^{- \alpha d_{\mathit{ij}}}\sqrt{A_{j},}$$where *d* ~*ij*~ is the Euclidian distance between populations *i* and *j* and 1/*α* equals the mean dispersal distance, which was estimated to be one kilometre based on results from a previous study (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). In addition, we estimated the connectivity of pathogen populations (*S* ^*M*^) in studied host populations based on the distribution of the mildew in the current year *t* (2014):$$S_{\mathit{it}}^{M} = \sum\limits_{j \neq i}\; 0_{\mathit{it}}\; e^{- \alpha d_{\mathit{ij}}}\sqrt{A_{j},}$$where 0~*it*~ was 1, if mildew at patch *i* was present, and otherwise, 0~*it*~ was 0 (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). The ratio for host and pathogen dispersal was estimated dividing the host connectivity *S* ^*H*^ with pathogen connectivity *S* ^*M*^, where 1/*α* was 1 km for both host and pathogen (Table [S1](#jeb13268-sup-0001){ref-type="supplementary-material"}). For both host and pathogen, *α* was set at 1 km following results of a previous study testing a range of *α* values (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). The range for host population connectivity *S* ^*H*^ in the Åland islands varied between 10 and 370. For selected five highly connected host populations, the *S* ^*H*^ was higher than 230, and for five isolated populations, the *S* ^*H*^ was lower than 110. Well‐connected host populations also had on average a higher connectivity ratio (39.00) than isolated host populations (27.38; Table [S1](#jeb13268-sup-0001){ref-type="supplementary-material"}). Four more populations (IDs 3301, 4684, 1784 and 3108) served as source locations for allopatric pathogen strains. All study populations and allopatric pathogen populations were separated by at least two kilometres.

Plant and fungal material {#jeb13268-sec-0005}
-------------------------

In August 2014, we visited every study population and collected seeds from 10 randomly selected individual mother plants around the patch area. Seeds from all study populations had also been collected in years 2011, 2012 and 2013, except from the population 1553, where seeds were previously collected only in 2012 and 2013. Seeds were stored in paper envelopes and kept at room temperature. In addition, we collected sympatric *P. plantaginis* strains as infected leaves, one leaf from several plant individuals from each study population and allopatric strains from four allopatric populations. Leaves with pathogen infection were stored in moist Petri dishes in room temperature, under natural light conditions until later use.

We sowed *Plantago* seeds in 2 : 1 mixture of potting soil and sand, and grew seedlings in the greenhouse at 20 ± 2 °C (day) and 16 ± 2 °C (night) with 16 : 8 L : D photoperiod. From each population, seedlings originating from different mother plants were grown in individual pots, 10 plants from each population except when seeds from less individuals were harvested in 2013 (populations 271, 1556, 1847 and 1676) and 2012 (population 490; see Table [S1](#jeb13268-sup-0001){ref-type="supplementary-material"}). The fungal strains were purified through three cycles of single colony inoculations and maintained on live leaves collected from broadly susceptible *Plantago* genotypes grown in the greenhouse, on Petri dishes in a growth chamber 20 ± 2 °C with 16 : 8 L : D photoperiod. Every 2 weeks, the strains were transferred to fresh *P. lanceolata* leaves. During purification and maintenance, some strains died, and finally, we selected four sympatric strains from each population for the inoculation experiment. One allopatric mildew strain was selected from each allopatric population (3301, 4684, 1784 and 3108), and these strains were labelled as M1--M4. To produce enough sporulating fungal material for the inoculation experiment, repeated cycles of inoculations were performed.

Inoculation experiment quantifying host resistance and local adaptation {#jeb13268-sec-0006}
-----------------------------------------------------------------------

To investigate the effects of spatial structure on local adaptation and host resistance through time, we performed a partial time‐shift experiment, where host plants from each study population and year were challenged with sympatric and allopatric parasite isolates collected in 2014. Allopatric resistance was scored by inoculating all host genotypes from all years from the 10 populations with the four allopatric pathogen strains (M1, M2, M3 and M4). To test sympatric resistance, plants were inoculated with four pathogen strains that originated from the same population (in year 2014) as the host genotypes. Subsequent genotyping of pathogen populations from 2011 to 2013 revealed that most of the sympatric strains sampled in 2014 were present also in the earlier years (See Table [S2](#jeb13268-sup-0001){ref-type="supplementary-material"}). One detached leaf from each test plant was exposed to a single pathogen strain by brushing spores gently with a fine paintbrush onto the test leaf. As a positive control, spores from each used inoculum plate were placed on susceptible leaf (detected in earlier inoculation trials) to demonstrate pathogen viability. All inoculations were repeated on two individual Petri plates, leading to 5888 inoculations and 2944 host genotype--pathogen genotype combinations. Leaves were placed on moist filter paper in Petri dishes and kept in a growth chamber at 20 ± 2 with a 16/8D photoperiod.

To detect plant resistance and fungal infectivity, we observed pathogen development under a disserting microscope and scored the infection on day 12 post‐inoculation. Qualitative resistance was scored as 0 = no resistance (infection) or 1 = resistance (no infection), when there was no growth, or if the test plant showed rapid cell death around inoculum source. A genotype was defined resistant only if both inoculated replicates showed similar response (1), and susceptible if one or both replicates got infected (0). Due to the low number of germinated seeds, the resistance outcomes from year 2013 of populations 1676 and 1847 were excluded from the further analysis.

Single nucleotide polymorphism genotyping of pathogen strains {#jeb13268-sec-0007}
-------------------------------------------------------------

We genotyped 40 sympatric, purified pathogen strains to evaluate how well our sympatric strains from 2014 represented these populations in the previous study years. Each sample contained a piece of leaf tissue and a lesion of fungal conidial spores. Samples were placed into a 1.5‐mL tubes which were stored at −20 °C until DNA was extracted using an E.Z.N.A. Plant Mini Kit (Omega Bio‐Tek, Norcross, GA, USA) at the Institute of Biotechnology, University of Helsinki. Samples were genotyped at 19 single nucleotide polymorphism (SNP) loci with the Sequenom iPlex platform at the Institute for Molecular Medicine Finland (Tollenaere *et al*., [2012](#jeb13268-bib-0060){ref-type="ref"}; Parratt *et al*., [2016a](#jeb13268-bib-0048){ref-type="ref"}). Because *P. plantaginis* conidial spores are haploid, samples were classified as coinfected if two alleles were present at any locus (Tollenaere *et al*., [2012](#jeb13268-bib-0060){ref-type="ref"}). These and any sample that failed to call all tested 19 SNP loci were removed from further genotype analysis. The similarity of sympatric pathogen multilocus genotypes (MLGs) used in the inoculation experiment was compared to strain MLGs identified from these same populations in years 2011--2013.

Statistical analyses {#jeb13268-sec-0008}
--------------------

We analysed our data in the R programming language and environment (R Core Team, [2015](#jeb13268-bib-0501){ref-type="ref"}) using the lme4 software package (Bates *et al*., [2015](#jeb13268-bib-0001){ref-type="ref"}). We obtained *P*‐values for regression coefficients using the car package (Fox & Weisberg, [2011](#jeb13268-bib-0011){ref-type="ref"}). To test whether host population resistance differed against sympatric and allopatric pathogen strains in time and space as a function of population connectivity, we analysed our data by modelling the inoculation response (0/1) as a likelihood using logit mixed‐effect model. We started with a full model that included the binomial‐dependent variable and three categorical predictors: population type (well‐connected or isolated), study year (2011, 2012, 2013 and 2014) and pathogen origin (sympatric or allopatric) and their interactions. Plant individual and population were defined as random effects, with population nested under connectivity category, and plant genotype (sample) hierarchically nested under population and connectivity category. After checking model singularity and gradient calculations, the number of iterations was set to 2e5 and the model was optimized using 'BOBYQA' optimizer (current GLMM default combines 'BOBYQA' and 'Nelder‐Mead'; Bates *et al*., [2015](#jeb13268-bib-0001){ref-type="ref"}). Model fit was assessed using *χ* ^2^ tests on the log‐likelihood values to compare different models and significant interactions.

To test whether isolated and well‐connected populations differed in the extent to which resistance varied through time, we analysed annual variation in resistance using a Bayesian logit model with patch‐specific intercept and a random term with common standard deviation *σ*. We analysed separately each combination of connectivity and strain origin (sympatry vs. allopatry). We assumed weakly informative half‐Cauchy prior distribution with scale 5 for *σ*, which has been recommended as a default choice for a top‐level variance parameter in Bayesian hierarchical models (Gelman, [2006](#jeb13268-bib-0017){ref-type="ref"}). The half‐Cauchy prior restricts *σ* away from very large values, but otherwise has only minimal impact on the posterior. For the intercepts, we assumed normal prior distributions centred at 0 with standard deviation 5. The model was fit using a standard Metropolis--Hastings algorithm, which was run for 1e6 iterations with the first 1e5 discarded as burn‐in. We assessed the convergence of the algorithm with Gelman‐Rubin diagnostics from duplicate chains.

Results {#jeb13268-sec-0009}
=======

Effects of spatial structure on host resistance and local adaptation over years {#jeb13268-sec-0010}
-------------------------------------------------------------------------------

Overall, 83.2% of replicated inoculations showed the same response (1/1 or 0/0). The remaining 16.8% of replicates were susceptible genotypes, which got successfully infected only in one of the two tested plates (0/1). Results from the inoculation experiment demonstrated that host resistance against sympatric and allopatric mildew strains varied across years depending on population connectivity, as evidenced by the significant three‐way interaction between population connectivity, pathogen origin and year (*χ* ^2^ = 16.13, d.f. = 3, *P* = 0.001; Table [1](#jeb13268-tbl-0001){ref-type="table"}; Fig. [1](#jeb13268-fig-0001){ref-type="fig"}). This indicates that spatial structure affects host population resistance against allopatric and sympatric strains differently through time. In isolated populations, host plants varied less in their resistance against sympatric pathogen strains through all studied years (0.21 ± 0.03--0.27 ± 0.03), whereas in connected populations sympatric resistance fluctuated considerably across years (0.20 ± 0.03--0.37 ± 0.04). Host population connectivity category alone was not statistically significant in the analysis (*χ* ^2^ = 0.83, d.f. = 1, *P* = 0.36). We found significant fluctuations among years in the level of resistance (*χ* ^2^ = 52.80, d.f. = 3, *P* \< 0.0001), as well as a significant interaction between year and pathogen origin (*χ* ^2^ = 16.75, d.f. = 3, *P* = 0.0007; Table [1](#jeb13268-tbl-0001){ref-type="table"}; Fig. [1](#jeb13268-fig-0001){ref-type="fig"}). Overall, resistance against allopatric strains was significantly higher than resistance against sympatric strains, suggesting that the pathogen -- not the host -- was locally adapted at the metapopulation level (*χ* ^2^ = 3.97, d.f. = 1, *P* = 0.04; Table [1](#jeb13268-tbl-0001){ref-type="table"}; Fig. [1](#jeb13268-fig-0001){ref-type="fig"}).

###### 

Results of a Generalized Linear Mixed Model (binomial distribution, logit link) analysing resistance of *Plantago lanceolata* against sympatric and allopatric pathogen *Podosphaera plantaginis* strains in both connected and isolated host populations

  Analysis of variance                                                
  ---------------------------------------------------- ---------- --- ---------------
  Connectivity                                         0.83       1   0.36
  Year                                                 52.80      3   **\< 0.0001**
  Pathogen origin                                      3.97       1   **0.04**
  Connectivity × year                                  6.98       3   0.07
  Connectivity × pathogen origin                       0.02       1   0.87
  Year × pathogen origin                               16.75      3   **0.0007**
  Connectivity × year × pathogen origin                16.13      3   **0.001**
  Random effects                                       Variance       
  Sample (nested within population and connectivity)   0.31           
  Population (nested within connectivity)              0.023          

Significant effects are highlighted in bold.
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![Resistance in local host populations over studied years. Variation in resistance in each host population within 2011--2014 against sympatric (black lines) and allopatric (grey lines) pathogen strains, as measured through laboratory inoculations. Well‐connected populations are grouped in the upper panel and isolated populations in the lower panel. Number at the top of each panel indicates the population ID. Standard error of the mean is shown.](JEB-31-844-g001){#jeb13268-fig-0001}

The Bayesian logit model revealed that the annual variation in resistance was lowest (posterior median 0.19) with posterior probability of 0.974 in isolated patches with sympatric strains (Fig. [2](#jeb13268-fig-0002){ref-type="fig"}). In other combinations of connectivity and strain origin, the variation of sigma had significantly higher values (posterior medians 0.64--0.76), without clear differences among combinations.

![Posterior distributions of annual variation in resistance among different combinations of host population connectivity and strain origin. Each violin plot shows the posterior distribution of sigma for one combination, with the thicker line indicating median and the thinner lines 25% and 75% quantiles.](JEB-31-844-g002){#jeb13268-fig-0002}

In the SNP screening of sympatric powdery mildew strains, 34 of tested 40 pathogen lesions were successfully called at all 19 SNP loci. The detected pathogen MLGs revealed that a subset of 47.1--70.6% of sympatric strains from 2014 were present in target populations in other studied years (2011--2013; Table [S2](#jeb13268-sup-0001){ref-type="supplementary-material"}). Overall, we found that 73.5% of all sympatric pathogen MLGs used in an inoculation experiment occurred in one to three previous years in target populations.

Discussion {#jeb13268-sec-0011}
==========

Understanding when and where diseases will occur and how epidemics evolve is essential when aiming to predict and control outbreaks of infectious diseases. In the coevolutionary arms race between hosts and pathogen, the relative rates of gene flow may mediate selection as the interaction partner with higher migration rates may support higher evolutionary potential to respond to selection (Gandon *et al*., [1996](#jeb13268-bib-0015){ref-type="ref"}). Here, we aimed to disentangle what is the effect of spatial structure on resistance dynamics in a natural system characterized by a stable host population network and a highly dynamic pathogen metapopulation. Our results reveal a host population network where the level of resistance varies through time depending on the degree of population connectivity and pathogen origin.

Spatial coevolutionary theory (Gandon & Michalakis, [2002](#jeb13268-bib-0014){ref-type="ref"}) jointly with results from experimental evolution studies (Morgan *et al*., [2005](#jeb13268-bib-0042){ref-type="ref"}) and natural populations (Lively & Dybdahl, [2000](#jeb13268-bib-0039){ref-type="ref"}) suggest that increased ratio of host dispersal should lead to maladaptation of pathogens (Greischar & Koskella, [2007](#jeb13268-bib-0018){ref-type="ref"}; Hoeksema & Forde, [2008](#jeb13268-bib-0022){ref-type="ref"}). Hence, we hypothesized pathogens to be maladapted in well‐connected host populations. We focused here on host population connectivity rather than the ratio of host and pathogen connectivity which varies year‐to‐year due to the highly dynamic pathogen metapopulation. On average, well‐connected host populations are also those with a higher ratio.

Contrary to our expectations, we found that sympatric pathogen strains were overall better adapted in both isolated and well‐connected host populations compared to allopatric pathogen strains. A possible explanation for this finding could be that in well‐connected *P. lanceolata* populations the rate of pathogen gene flow is sufficiently high to prevent host local adaptation (Gandon *et al*., [1996](#jeb13268-bib-0015){ref-type="ref"}), or that rates of host gene flow are so high that local adaptation is swamped (Lenormand, [2002](#jeb13268-bib-0037){ref-type="ref"}). Another possible explanation for our finding relates to the dynamic nature of the pathogen metapopulation as regionally the pathogen persists in a balance between extinction and colonization events (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). Studies in agricultural and natural environments highlight that the probability of pathogen colonization and persistence is reduced as diversity of resistance increases (Zhu *et al*., [2000](#jeb13268-bib-0062){ref-type="ref"}; Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}, [2006](#jeb13268-bib-0033){ref-type="ref"}). When the interaction of host and pathogen is strain specific as in this system (Laine, [2004](#jeb13268-bib-0032){ref-type="ref"}), resistance diversity will reduce the probability of establishment by immigrant pathogen strains due to incompatibility between the pathogen and the local resistance alleles. This filtering of maladapted strains prior to establishment is expected to be an important mechanism generating patterns of local adaptation in host--pathogen interactions (Burdon *et al*., [1996](#jeb13268-bib-0004){ref-type="ref"}). Analysis of long‐term epidemiological data in this system has demonstrated that overall resistance is higher in well‐connected host populations and these populations also have a lower probability of being colonized by the pathogen (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}). Hence, filtering by local host populations resistance structure may be an important driver of both ecological and evolutionary disease dynamics (Parratt *et al*., [2016b](#jeb13268-bib-0049){ref-type="ref"}; Penczykowski *et al*., [2016](#jeb13268-bib-0050){ref-type="ref"}). All populations chosen for our study were infected for 4 years or longer, and hence, they may represent particularly well‐adapted pathogen populations.

Importantly, we found that the temporal fluctuations in resistance against sympatric strains of the pathogen differed significantly between isolated and well‐connected host populations. According to the predictions of the Red Queen hypothesis, antagonistic coevolution between hosts and their pathogens should show fluctuating dynamics in resistance and infectivity (Jayakar, [1970](#jeb13268-bib-0025){ref-type="ref"}). The few studies available from natural host--pathogen interaction that have quantified coevolutionary selection through time have indeed found support for frequency‐dependent selection (Decaestecker *et al*., [2007](#jeb13268-bib-0009){ref-type="ref"}; Thrall *et al*., [2012](#jeb13268-bib-0058){ref-type="ref"}; Paczesniak *et al*., [2014](#jeb13268-bib-0047){ref-type="ref"}). Greater variation in resistance against sympatric strain in the well‐connected host populations suggests that the ability of host populations to respond to selection is greater in those parts of the landscape that support higher rates of host gene flow. Hence, high levels of resistance in well‐connected host populations reported by previous studies (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}; Carlsson‐Granér & Thrall, [2015](#jeb13268-bib-0007){ref-type="ref"}) may -- to some degree -- reflect higher evolutionary potential to respond to pathogen‐imposed selection.

Because our sympatric pathogen strains were sampled in year 2014, we must interpret their ability to measure resistance against sympatric pathogen strains with some caution in the other study years (2011--2013). However, the SNP genotyping of pathogen strains from these populations in 2011--2013 revealed that many of the strains used in the experiment were also found in earlier years. *Podosphaera plantaginis* is capable of both haploid selfing and outcrossing, and hence, pure strains may persist for multiple seasons (Tollenaere & Laine, [2013](#jeb13268-bib-0059){ref-type="ref"}). The populations included in this study may be more stable than most pathogen populations in this system as they had persisted for several years, whereas most host populations are typically infected for only 1--2 years at a time (Jousimo *et al*., [2014](#jeb13268-bib-0026){ref-type="ref"}).

Overall, our results indicate that the spatial isolation of host populations as a consequence of habitat fragmentation influences the evolutionary potential of hosts to fight their pathogens. Both empirical and theoretical work have shown that variation in resistance to natural enemies across spatially structured populations can fundamentally alter epidemiological and evolutionary patterns of infectious disease (Salvaudon *et al*., [2008](#jeb13268-bib-0052){ref-type="ref"}; Laine *et al*., [2011](#jeb13268-bib-0036){ref-type="ref"}; Tack *et al*., [2012](#jeb13268-bib-0053){ref-type="ref"}), yet to our knowledge this is the first study to document such patterns through time across isolated and well‐connected populations in a natural system. Thus, our work fills a gap in knowledge of how evolutionary potential varies in a natural environment, where local host and pathogen populations are expected to experience considerably different migration rates. This work provides novel insights of how the resistance structure of natural populations may respond to fragmentation of landscapes and long‐term isolation via a direct link between the ecological and evolutionary dynamics (Hendry, [2016](#jeb13268-bib-0021){ref-type="ref"}). This is nontrivial given that the natural environment is becoming fragmented at an unprecedented pace (Crooks *et al*., [2011](#jeb13268-bib-0008){ref-type="ref"}). Our results suggest that whereas isolated population may be more difficult for pathogens to reach (Blowes & Connolly, [2012](#jeb13268-bib-0002){ref-type="ref"}), once they do, hosts in isolation may be particularly vulnerable to disease and pests.
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